Abstract. Certain discrete, intense wave signals attributed to auroral kilometric radiation (AKR) were observed with ISEE-1 while it was within the plasmaspheric shadow zone for direct propagation. It is believed that wave ducting by thin depletions of the plasma density aligned with the magnetic field accounts for such signals, and that their discrete nature is caused by the satellite intercepting individual ducts. These ducts, which were also observed as coincident decreases of the upperhybrid resonance frequency, appeared to be twenty-percent depletions roughly one hundred kilometers across. The AKR, which is emitted approximately perpendicular to the magnetic field, apparently entered these ducts equatorward of the source after the waves had been refracted parallel to the duct axis. A diffuse background was also observed which is consistent with the leakage from similar ducts at lower L-values. These observations establish the existence of ducted AKR, its signature on the satellite wave spectrograms, and new evidence for depletion ducts within the plasmasphere.
INTRODUCTION
A duct consists of an elongated region of enhanced refractive index which is capable of guiding waves by total internal reflection. As with the optical fibers used to guide light waves, the natural ducts which occur in the Earth's plasmasphere can sometimes guide radio waves over great distances and produce exceptionally strong signals at remote locations. If the duct is also curved and extends into a shadow zone, it can produce wave signals at locations inaccessible to line?of-sight propagation. The ISEE-1 satellite observations to be presented below are of this sort, suggesting that auroral kilometric radiation (abbreviated AKR) can be guided along plasma depletion ducts parallel to the geomagnetic field and reach the equatorial regions which are otherwise inaccessible.
Ducting was originally proposed more than fifty years ago to explain long-delayed radio echoes [Pederson, 1929] , and this still remains a viable explanation [Muldrew, 1979; Villard et al., 1980] . Meanwhile, the existence of plasma-density depletion ducts aligned with the magnetic field was established in the ionosphere [Calvert et al., 1962] and plasmasphere [Muldrew, 1963; Loftus et al., 1966] using the topside sounder rockets and satellites. Concurrently, it was found that similar enhancement ducts were required to explain the lightning whistlers observed on the ground [Helliwell, 1965; Carpenter, 1968] and some of those observed in space [Smith and Angerami, 1968] .
The difference between depletion and enhancement ducts stems from the different behavior of the refractive index for the waves involved. For the extraordinary and ordinary waves guided by depletion ducts, the refractive index is convex along the magnetic axis and its magnitude decreases with increasing plasma density. It can be shown that this is sufficient for ducting by a density minimum. For the pertinent whistler waves (below half the cyclotron frequency) the refractive index is also convex, but it increases with density, and hence ducting requires a density maximum. 0310 and 0321 UT and again at 0342 UT, these signals were strong enough to saturate the instrument and produce the artificial darkening which extends down to the 50 kHz band limit and obscures somewhat the upper-hybrid enhancements during these times. Also associated with these signals are the strong diffuse signals extending upward from twenty percent above the plasma frequency to the top of the record. Since both components are quite strong (typically exceeding 10 -•6 w/m•'Hz) and occur up to 400 kHz, it is believed that they can be attributed to AKR. Furthermore, these signals exhibited the appearance usually associated with AKR, especially at the higher frequencies (200-400 kHz) and extending for nearly an hour before this segment was recorded. However, if the discrete and diffuse signals in figure I are to be attributed to AKR, it is necessary to explain how they reached the satellite, in view of the equatorial shadow zone for AKR reported by Gurnett [1974] . This shadow zone is illustrated in figure 2 is produced by plasmaspheric refraction. At the same time, those signals exhibit unusual behavior, in that they consist of discrete, frequency-limited bursts superimposed on a diffuse background. It also should be noted that the discrete signals tend to coincide with decreases of the local plasma density, as indicated by downward excursions of the upper hybrid resonance signals (e.g., the three dips near 0327 UT).
DUCT MODEL
An unusual propagation effect is the most plausible explanation for the observed signals. Otherwise it would be necessary to either postulate an entirely new radiation source or to abandon our previous conclusions about the AKR source location. Alternatively, it was proposed by H. Oya (in a paper presented to the URSI General Assembly, 1981) that such signals, which are also observed with the J ikiken satellite (EXOS-B), could be explained by sudden contractions of the plasmasphere and the consequent contraction of the shadow zone. However, for the case presented here, this would require that the 50 kHz contour retreat to at least L=3.5 (that is, roughly to where the 200 kHz contour lies in figure 2) in order to explain the 200 kHz discrete signals at 0330 UT, and the consequent 4:1 density drop at the satellite (to fN ( 50 kHz) was not observed. Furthermore, it would be surprising for the plasmasphere to contract so much in less than a minute (to explain the brevity of the discrete signals) and then return exactly to its previous size.
Of the other possible propagation effects, the guidance around the plasmasphere in field-aligned depletion ducts appears most likely. The requisite plasma densities for a specular reflection high above the auroral zone or polar cap (a few hundr/•d per cubic centimeter) have not been observed, nor is there reason to expect the upward gradients they would imply. Although the aspect-sensitive scattering of waves by field-aligned auroral irregularities is well established [see Davies, 1965] , and the geometry would be appropriate for the AKR waves after their plasmaspheric reflection, scattering is unlikely to produce the discrete behavior which was observed. This discrete behavior, on the other hand, is easily explained by ducting and the satellite traversing individual ducts. On the assumption that the ducts were populated with AKR wave energy elsewhere, the discrete signals would correspond to waves still being ducted and unobservable outside one of the ducts. This interpretation is clearly consistent with the observation of coincident plasma depletions and the conclusion that those depletions are the individual ducts. (This case, incidentally, is the first one ever found by the author where the duct and the ducted wave were both simultaneously detected.)
However, it is difficult to imagine the AKR waves entering ducts quite near the source, since the waves originate with large wave normal angles to the magnetic field in a region of quite low plasma density [Benson and Calvert, 1979; Calvert, 1981b] to 400 kHz, and the discrete signals existed for an appreciable fraction of this period, varying from one-tenth to one-half (see figure 1 ). This implies a width of at least 20-90 km. It was therefore estimated that the duct width was roughly 100 kilometers. It is also possible to estimate the duct depth from the local density depletions associated with the discrete signals and interpreted as the individual duct encounters. Since the fractional variation of plasma density is approximately twice that of the plasma frequency, the ten percent dips in figure I suggest that the duct depletions were roughly twenty percent.
CONCLUSIONS
An ISEE-1 spectrogram was analyzed, for which the satellite was in the plasmaspheric shadow zone for auroral kilometric radiation. Nonetheless, AKR signals were received as discrete, intense, band-limited bursts superimposed on a diffuse background, and it is proposed that the wave ducting in magnetic-field-aligned density depletions can account for this behavior. Although the AKR waves are unlikely to become ducted near the source, since the background density is quite low and the wave angles are wrong, they could have entered ducts in the plasmasphere a few thousand kilometers equatorward of the source, where the density was greater and the wave normals could have been refracted parallel to the magnetic field. The intense bursts are then explained by the satellite traversing individual ducts, and the diffuse background is explained by the leakage from similar ducts at lower L-values. The individual ducts were also visible on the spectrogram as brief, coincident decreases of the upper hybrid enhancement frequency, which indicated demity depletions of roughly twenty percent. Finally, the duration of the discrete ducted AKR signals on the spectrograms indicated that the width of the ducts was around one hundred kilometers.
This observation is also a striking example of how ducting may affect the pattern of waves received in a magnetoplasma by producing strong signals at unexpected locations. It establishes the existence of depletion ducts in the outer plasmasphere, where they had not been detected previously. It further demonstrates that AKR may become ducted and it establishes the spectrogram signature which is produced by ducted AKR, namely, discrete intense encounter I signals superimposed on a diffuse leakage background. The knowledge of that signature will undoubtedly benefit future studies to search for depletion ducts elsewhere and determine their frequency of occurrence.
